Osteopontin (OPN), a multifunctional glycoprotein, has three transcripts that have distinct roles in tumors in vitro. Whether OPN transcripts have different functions in tumor processes in vivo is unclear. It has been reported that immune cell-derived OPN can promote tumor formation. We propose a hypothesis that tumor-derived OPN may facilitate tumor immune escape by affecting immune cell differentiation and function. In this study, we constructed lentiviral expression vectors of OPN transcripts and transfected them into the MCF-7 cell line. MCF-7 cells transfected with OPN transcripts were injected into the armpit of nude mice, and tumor growth was monitored. The results showed that all OPN transcripts promoted local tumor formation, but that there was no significant difference among transcripts. We also investigated the effect of the OPN expressed by tumor cells on monocyte differentiation by coculturing monocytes with tumor supernatant. We found OPN-c upregulated CD163 levels compared with OPN-a and OPN-b; however, none of the transcripts affected HLA-DR and CD206 levels. All OPN transcripts significantly inhibited TNF-a and enhanced IL-10 production by monocytes. Furthermore, we found that the overexpression of OPN transcripts significantly upregulated TGF-b1 and MCP-1 production by tumor cells. Using neutralizing antibody and recombinant cytokines, we found that OPN overexpressed by tumor cells regulates the production of TNF-a and IL-10 by monocytes partly via MCP-1 and TGF-b1, respectively. Collectively, our results show that OPN transcripts have no distinct role in breast cancer formation in vivo. We also demonstrate that OPN regulates the alternative activation of monocytes via TGF-b1 and MCP-1, which may represent an additional mechanism for tumor immune escape.
INTRODUCTION
Osteopontin (OPN), a multifunctional phosphorylated glycoprotein, has important roles in many pathophysiologic process, including bone remodeling, cancer and inflammation. [1] [2] [3] Various types of cancers express high levels of OPN, 2, 4 and the overexpression of OPN in a previously benign cell line is sufficient to produce a metastatic phenotype. 5, 6 Knockdown of OPN with siRNA can attenuate the process of cancer in vitro and in vivo. 7, 8 In contrast to tumor cells, immune cells are another main source of OPN. [9] [10] [11] It has been reported that immune cell-derived OPN is crucial for the induction of cellmediated immune responses and thus contributes to the host anti-tumor defense. 12, 13 Therefore, it has been suggested that OPN may have contrary roles in host defense and tumor process. 14 Furthermore, macrophage-derived OPN can restore the metastatic potential of OPN-knockdown tumor cells, which indicates that different sources of OPN may interact with each other. 15 We therefore hypothesize that the OPN expressed by tumor cells may participate in tumor immune evasion through regulating the differentiation and function of immune cells.
Alternative RNA splicing of human OPN results in three transcripts: OPN-a (full type), OPN-b (with deletion of exon 5) and OPN-c (with deletion of exon 4). Differing from OPN-a and OPN-b, OPN-c is specifically expressed in breast tumors, and more effectively supports anchorage-independent growth in vitro. 16 Clinical data suggest that OPN-c may be a more valuable diagnostic and prognostic marker than the conventional breast cancer markers (i.e., estrogen receptor, progesterone receptor and HER2). 17 In non-small-cell lung cancer, OPN transcripts differentially regulate vascular endothelial growth factor secretion and angiogenesis. 18 Recently, Tilli and colleagues demonstrated that the isoform OPN-c is specifically expressed in ovarian tumor samples and significantly activates OvCar-3 cell proliferation, migration, invasion, anchorageindependent growth and tumor formation in vivo. 19 These results demonstrate that different OPN transcripts have distinct roles that may be associated with their distinct roles in host defense and tumor process. Whether OPN transcripts have different roles in breast cancer formation in vivo and whether OPN transcripts expressed by tumor cells have distinct functions on immune cell differentiation are unknown.
In this study, we investigated the function of different OPN transcripts on breast cancer formation in vivo. We found that tumor-derived OPN transcripts participated in the alternative activation of monocytes, which may represent another essential mechanism of immune evasion mediated by OPN.
MATERIALS AND METHODS
Reagents RPMI-1640 medium was purchased from Hyclone (Logan, UT, USA) and Fetal Bovine Serum was from Bio International (Auckland, New Zealand). Lipopolysaccharide (LPS) was from Sigma (St Louis, MO, USA). Anti-OPN polyclonal antibody was from Abcam (Cambridge, UK). rhOPN, rhMCP-1, rhTGF-b1, blocking antibody for OPN, CD44, TGFb1 and MCP-1 were purchased from R&D (Minneapolis, MN, USA). Fluorescently-labeled antibodies CD14, HLA-DR, CD206, CD163, CD44s, CD44v4, CD44v6, CD44v7 and aVb3 for FACS analysis were purchased from BD PharMingen (San Diego, CA, USA).
Construction of lentiviral OPN expression vectors and infection of MCF-7 cells
The constructs for the expression of the human osteopontin splice variants were obtained by reverse transcription PCR from the malignant breast tumor cell line MDA-MB-435. The coding sequence of osteopontin was amplified with the following primers: opn-Age I-F, CAGGATCCCCGGG-TACCGGTCGCCACCATGAGAATTGCAGTGATTTGC and opn-Age I-R, TCACCATGGTGGCGACCGGTACATTG-ACCTCAGAAGATGCACTA. The amplified products were excised with Age I and subcloned into the pGC-FU vector (Genechem, Shanghai, China). Sequence fidelity and accurate reading frames were verified by DNA sequencing analysis. Lentiviral stocks were generated by the cotransfection of constructed pGC-FU vector with pHelper 1.0 and Helper 2.0 (Genechem) packaging constructs into 293T cells using LipofectAmine 2000 (Invitrogen, Camarillo, CA, USA). Viral supernatants were collected 48 h later. MCF-7 cells (obtained from ATCC) were transfected with lentiviral expression vectors containing Opn (MOI: 100) in the presence of 5 mg/ml polybrene.
Western blot
The cells were lysed in lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 5 mM iodoacetamide and 2 mM phenylmethylsulfonyl fluoride) and equal amounts of total proteins were separated on a 10% SDS-polyacrylamide gel. Proteins were blotted onto a nitrocellulose membrane, which was then blocked by incubating with TBS (Tris-buffered saline, 0.1% Tween 20) containing 5% non-fat dried milk. Subsequently, membranes were incubated with rabbit polyclonal anti-OPN (1 : 1000) and washed with TBS. Antigenantibody complexes were visualized after incubating the membrane with 1 : 5000 diluted goat anti-rabbit IgG antibody coupled to horseradish peroxidase and detected by enhanced chemiluminescence.
RNA extraction and reverse transcriptase polymerase chain reaction Total RNA was isolated with Trizol according to the manufacturer's instructions. The RNA concentration was quantified by UV spectrophotometer at 260 nm and the purity and integrity was determined using the A260/A280 ratio and lab-on-chip assay (Agilent bioanalyzer). Total RNA was treated with DNase, and then reverse-transcribed using RevertAid MMuLV Reverse Transcriptase (Fermentas) with Oligo dT primers according to the manufacturer's protocol. One ml of single-strand cDNA was used as the template for the PCR reaction with DNA polymerase. PCR amplification was performed after a hot start at 95 uC for 5 min, followed by 30 cycles (94 uC for 30 s, 57 uC for 30 s and 72 uC for 45 s) with a final extension at 72 uC for 7 min. Levels of the housekeeping gene b-actin were used as an internal control for the normalization of RNA quantity and quality differences among the samples. The primer sequences used for the RT-PCR analysis were as follows: OPN (for all transcripts): sense, 59-TACCAGTTAAAC-AGGCTGATTC-39, anti-sense, 59-CCATATCATCCATG-TGGTCA-39; b-actin: sense, 59-AGCGAGCATCCCCCAA-AGTT-39, anti-sense, 59-GGGCACGAAGGCTCATCATT-39.
In vivo xenograft model
In total 5310 6 cells were injected into the armpit of nude mice (n54/group). Animals were kept in pathogen-free conditions and monitored using a Kodak 2000MM for tumor formation and metastasis by detecting the GFP expression. After 8 weeks, mice were sacrificed by cervical dislocation. Primary tumors were dissected out and photographed. One part of the tumors was fixed in 10% formalin solution and used for histopathology. The lungs and liver were also dissected for a metastasis analysis.
Preparation of conditioned supernatants from tumor cells MCF-7 cells transfected with different OPN transcripts and pGC control lentivirus were cultured with RPMI-1640 medium at 1310 5 cells/ml for 24 h. Debris-free cell supernatant was collected by centrifugation at 10 000 g for 5 min.
Flow cytometric analysis
Cells were collected and washed with cold phosphate-buffered saline (PBS) three times and labeled with appropriate fluorescence conjugated monoclonal antibody for 20 min away from light. The cells were also stained with the corresponding isotype-matched control antibodies. Cells were then washed with cold PBS three times, and the expression of surface molecules was assayed by flow cytometer (FACSCalibur; Becton Dickinson, CA, USA). A minimum of 10 000 events per sample were collected for phenotypic analysis.
Monocyte subset purification and coculture with tumor supernatant The use of buffy coats from healthy donors was approved by the Institutional Review Board of Shandong University. CD14 1 cells were isolated from human peripheral blood mononuclear cells using microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany), according to the manufacturer's instructions. The purity of CD14 1 monocytes was .94%, as determined by flow cytometry (FACSCalibur). The isolated monocytes (2310 5 cells/ml) were cocultured with corresponding supernatant from tumor cells for 40 h, subsequently washed with PBS and treated with 100 ng/ml LPS for another 6 h.
Cytokine measurement OPN and TGF-b1 levels were measured using the Quantikine ELISA kits (R&D Systems, Minneapolis, MN, USA), according to the manufacturer's instructions. The other cytokines were determined by the Bio-Plex Protein Array system (Bio Rad, Hercules, CA, USA), following the manufacturer's instructions.
Statistical analysis
Data are presented as the mean6s.d. Student's t-test and oneway ANOVA were used for statistical analysis, and P values less than 0.05 were considered statistically significant. All statistical analyses were performed using SPSS version 11.5 for Windows (SPSS, Chicago, IL, USA).
RESULTS

Construction of lentiviral expression vectors of OPN transcripts
OPN has three transcripts, i.e., OPN-a, -b and -c, generated via alternative splicing. OPN-c is specifically expressed in tumors. 16 To further investigate the function of OPN transcripts in the tumor process, we constructed lentiviral expression vectors for the transcripts and transfected them into the MCF-7 breast cancer cell line that does not express endogenous OPN, as described in the section on 'Materials and methods'. 16 By detecting GFP compared to the pGC group, we confirmed that the transfection efficiency was roughly 95% (Figure 1a) . By RT-PCR, we verified the successful overexpression of 3 OPN transcripts at the mRNA level (Figure 1b) . We further confirmed the protein level in cell lysate and supernatant by western blotting (Figure 1c ) and ELISA ( Figure 1d ).
All OPN transcripts promoted tumor formation in vivo
Although it has been reported that OPN-c can more effectively support the anchorage-independent growth of breast tumors in vitro, whether OPN transcripts have different functions in tumor formation in vivo is unclear. We injected MCF-7 cells transfected with different OPN transcripts into nude mice subcutaneously and monitored the subsequent tumor growth in these recipients. As shown in Figure 2 , the overexpression of OPN transcripts promoted local tumor formation compared with control and pGC vector groups. However, the splice variants OPN-b and OPN-c did not show superior effects to the wide-type OPN-a in this process. 6 cells were injected into the armpit of nude mice (n54/group). Animals were kept in pathogen-free conditions for tumor formation. After 8 weeks, mice were sacrificed by cervical dislocation. Primary tumors were dissected out and photographed. *P,0.05, compared with control and pGC groups. OPN, osteopontin.
Tumor-derived OPN regulates the activation of monocytes Immune cell-derived OPN can restore the metastatic potential of OPN-knockdown tumor cells. Whether the OPN expressed by tumor cells is involved in the differentiation and activation of immune cells and further regulates tumor immune evasion is unclear. In this study, we cocultured human CD14
1 monocytes with MCF-7 supernatant from control, pGC and OPN transcript overexpression groups to detect whether OPN overexpressed by MCF-7 regulates monocyte activation. After 40 h, cells were collected for flow cytometry. As shown in Figure 3a , coculture with supernatants from cells overexpressing all three OPN transcripts did not regulate HLA-DR and CD206 levels in monocytes (Figure 3a) . Interestingly, supernatant from cells overexpressing OPN-c significantly upregulated CD163 levels compared with OPN-a and OPN-b (Figure 3a) supernatants. We then investigated the ability of tumor supernatant-treated monocytes to respond to LPS. Compared with groups of control or pGC, overexpression of OPN inhibited TNF-a and increased IL-10 levels (Figure 3b ). However, there was no difference between OPN transcripts in the regulation of TNF-a and IL-10. The overexpression of OPN had no significant effects on the IL-8, IL-12 and IL-6 levels (data not shown). Taken together, these results indicate that OPN overexpressed by MCF-7 cells induces the alternative activation of monocytes.
OPN transcripts regulate immunoregulatory cytokine expression by tumor cells
Based on the roles of OPN in host immunity, we proposed that the OPN expressed by tumor cells may indirectly regulate alternative activation of monocytes via certain immunoregulatory cytokines. To test this hypothesis, we analyzed cytokine expression profiles of MCF-7 cells transfected with OPN transcripts using Bio-plex and ELISA. We did not detect measurable levels of IL-2, IL-4, IL-10, GM-CSF, TNF-a, IL-1b, IL-5, IL-7, IL-12, IL-13, IL-17 or MIP-1b (data not shown). As shown in Figure 4a , the overexpression of OPN transcripts did not change IL-6, IL-8 or G-CSF levels, but it significantly enhanced TGF-b1 and MCP-1 levels. The three OPN transcripts showed no difference in TGF-b1 and MCP-1 regulation. Using rhOPN, we further confirmed the regulatory effect of OPN on TGF-b1 and MCP-1 expression (Figure 4b ). OPN (100 ng/ml) significantly induced MCP-1 levels, and the maximum level was reached with 200 ng/ml OPN. Stimulation with 400 ng/ml OPN restored MCP-1 to basal levels. In contrast, rhOPN induced TGF-b1 expression in a dose-dependent manner, which may be due to the distinct characteristics of the different cytokines.
By binding to receptors such as CD44 and avb3, OPN stimulates cell adhesion, chemotactic migration and specific signaling. We thus investigated which receptor is required for the effects of OPN on cytokine production in MCF-7 tumor cells. Using FCM, we found that MCF-7 cells expressed a high level of CD44 but an undetectable level of avb3 (Figure 4c ). As shown in Figure 4d , blocking CD44 with anti-CD44 antibody substantially reduced the upregulation of MCP-1 by rhOPN, confirming a partial role of the CD44 signaling pathway in cytokine expression. In addition, we did not detect significant effects of OPN transcripts on the expression of the standard form of CD44 (CD44s) or variant forms CD44v4, CD44v6 and CD44v7 (data not shown).
OPN transcripts regulate monocyte activation partially through TGF-b1 and MCP-1 Because OPN transcripts have similar effects on monocyte differentiation and have no effect on the regulation of TGF-b1 and MCP-1 expression, we use only OPN-a to study whether TGFb1 and MCP-1 participate in the regulation of monocyte differentiation in the following mechanistic experiments. As shown in Figure 5a , we found that the OPN-mediated suppression of TNF-a secretion by monocytes was partially reversed when MCP-1 was blocked by its neutralizing antibody. However, blocking TGF-b1 had no effect on TNF-a expression. Interestingly, blocking experiments showed that the IL-10 level was partially regulated by TGF-b1. Moreover, we found that rhMCP-1 directly inhibited the secretion of TNF-a from monocytes stimulated with pGC supernatant (Figure 5b ), but did not change the IL-10 level. Instead, rhTGF-b1 was involved in the regulation of IL-10 expression. Taken together, these data demonstrate that OPN suppresses TNF-a via MCP-1 and increased IL-10 through TGF-b1, respectively.
DISCUSSION
It has been reported that OPN-c can more effectively support anchorage-independent growth of breast tumors in vitro. Courter et al. have shown that the overexpression of either OPN-a or OPN-b promoted local tumor growth and lung metastasis in SCID mouse xenografts. 20 However, in that study, they did not examine the function of OPN-c. Most recently, it has been reported that OPN-c specifically activated ovarian tumor cell proliferation, migration, invasion, anchorage-independent growth and tumor formation in vivo. 19 With consideration of the high level of OPN expressed by tumor cells, we constructed lentiviral expression vectors driven by a strong constitutive promoter and compared the function of all three OPN transcripts in breast cancer in vivo. We found that the overexpression of OPN transcripts significantly induced tumor growth possibly by promoting proliferation and preventing apoptosis of tumor cells; however, there was no significant difference among the three transcripts. Moreover, we did not detect metastasis to the lung and/or liver, which may result from the different methods of generating xenografts.
In addition to the direct function of OPN on tumor cells, 20 we demonstrate for the first time that the OPN expressed by tumor cells can regulate immune cell activation. By coculture system, we found that supernatant from tumors overexpressing OPN significantly inhibited the proinflammatory cytokine TNF-a and increased anti-inflammatory IL-10 levels from monocytes ( Figure 3) . express high levels of CD163 but not CD206. 21, 22 Our results showed that OPN-c induced a M2 macrophage subset similar to the IL-10 induced phonotype. Whether OPN-c-induced M2 depends on IL-10 warrants further investigation. These results indicate that the OPN expressed by tumor cells may be associated with the alternative activation of monocytes/macrophages, which is connected to tumor-associated macrophages (TAMs). High numbers of TAMs are associated with poor survival prognosis for patients with solid human tumors, including breast, prostate, ovarian and cervical cancers. 23, 24 It has been reported that TAMs not only support tumor growth, but also contribute to metastasis, tumor angiogenesis, and immune evasion. 24, 25 The tumor microenvironment, including tumor-derived molecules such as IL-4, IL-10, TGF-b, and tumor hypoxia are associated with alternative activation and TAM polarization. 24, 26 In this study, we found that tumorderived OPN induced the alternative activation of monocytes, which may have an essential role in tumor process.
Based on the roles of OPN in host defense, we presume that OPN indirectly induces the alternative activation of monocytes. We detected the cytokine profiles of MCF-7 cells overexpressing OPN or stimulated with rhOPN. We found that OPN dramatically induced MCP-1 and TGF-b1 levels among 17 cytokines tested. MCP-1 and TGF-b1 are two major immunological cytokines. 27, 28 It has been reported that OPN regulates MCP-1 expression through the NF-kappaB and MAPK pathways in rheumatoid arthritis. 29 Furthermore, the fact that there is no difference in the ability of the three OPN transcripts to regulate MCP-1 and TGF-b1 suggests that OPN transcripts may regulate both cytokines through the common receptor binding domain. The data that OPN transcripts regulate MCP-1 via CD44 (a common receptor present in all OPN transcripts) further support our hypothesis. It has been reported that only a small number of genes (20 of 525) may be uniquely induced by OPN-c versus OPN-a according to microarray analysis. 16 However, lung cancer OPN transcripts exhibited angiogenic functional heterogeneity and differentially regulated vascular endothelial growth factor. 18 Thus, whether the alternative splicing of OPN mRNA engenders novel receptors mediating special functions of OPN needs to be further elucidated. Furthermore, it has been reported that OPN stimulates CD44 expression via avb3; 30,31 however, we found that the overexpression of OPN transcripts did not change the CD44s and CD44v levels in MCF-7 cells.
Based on our results, we propose an alternative pathway for immune tolerance induced by the OPN expressed by tumor cells, in which upregulation of the immunosuppressive cytokines MCP-1 and TGF-b1 participates in the induction of alternative activation of monocytes and creates an immunoregulatory milieu facilitating tumor escape from immune surveillance. 5 monocytes (n55) were cocultured with pGC-SN (supernatant from the pGC group) in the presence of rhMCP-1 and rhTGF-b1 for 40 h, washed with PBS and treated with 100 ng/ml LPS for another 6 h. TNF-a and IL-10 were assayed. *P,0.05, compared with the pGC-SN group. LPS, lipopolysaccharide; OPN, osteopontin; PBS, phosphate-buffered saline.
